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purpose of this study is to determine the optimum slope and orientation
angle for a photovoltaic panel in Istanbul (Turkey) with coordinate of
(41°1'0" N, 28° 58’ 0" E), latitude of (@ =41.0167), and explain the effect
of azimuth angle on the optimum slope angle of solar radiation on the
photovoltaic panel. A mathematical model was developed by Klein and
Theilacker to determine any surface azimuth angle (¥?) was used to estimate
the total solar radiation on the slope photovoltaic panel surface, also Liu —
Jordan model was used for calculating the optimum tilt angle for south face
direction and then comparison results with two models. In our study we
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calculation purposes, horizontal solar radiation data for the city of Istanbul
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by searching for the values of angles for which the total radiation on the
PV surface was maximum throughout the year. And for the specific
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Anahtar Kelimeler

Yonlendirme agisi, Egim agisi,

Oz

Diinyada 6zellikle Istanbul gibi biiyiik kentlerde bulunan yiiksek binalarin
ve bu binalarin meydana getirdigi golgelerin 6zellikle biyiik bagkentlerde
giines 1s1iminin bityiik bir kismindan yararlanilmasini engellemis olmasi
nedeniyle diisen gilines 1sinimindan yararlanma igin alternatif ¢oziimler
aranmasina yol agmustir. Giines panelinin optimum egim ve yonlendirme
acisinda ayarlanmasi bu ¢oztimler arasinda yer almaktadir. Bu nedenle bu
calismanin amaci, Istanbul'da (Tiirkiye) 41°1'0"K, 28°58'0"D
koordinatlarinada, @ = 41.0167 enlemdeki fotovoltaik panel i¢cin optimum

Giines radyasyonu, Klein ve

Theilacker metodu, Liu ve Jordan egim yonlendirme agis1 belirlemek ve fotovoltaik panelde giines 1siniminin

optimum egim acgisina azimut agisinin etkisini agiklamaktir. Egimli
fotovoltaik panel yiizeyindeki toplam giines 1sinimini tahmin etmek tizere
herhangi bir yiizey azimut agisini (Y) belirlemek i¢in Klein ve Theilacker
tarafindan gelistirilen bir matematiksel model kullanilmistir. Ayrica giiney
yiiz yonii igin optimum egim agisini hesaplamak tizere Liu — Jordan modeli
kullanildiktan sonra iki modelden elde edilen sonuglar kargilagtirilmistir.
Calismamizda, herhangi bir sehir i¢in optimum egim () ve azimut
(oryantasyon) (Y) vyiizey agilarim belirlemek iizere segilen sehrin
koordinati sabit tutularak farkli yatay gilines 1sinimlart i¢in bir Microsoft
Excel elektronik tablosu olusturulmustur. istanbul yatay giines radyasyonu
verileri, NASA tarafindan diinya capindaki enerji kaynaklarinin (power)
tahmininden elde edilerek hesaplamalar i¢in kullanilmigtir. Optimum egim
(B) ve azimut (Y) agilari, yil boyunca PV yiizeyindeki toplam radyasyonun
maksimum oldugu acilarin degerleri aranarak belirlenmistir. Spesifik
azimut agis1 (Y) i¢in (0 ila 90) derece arasinda degistigi maksimum giines
radyasyonunu gozlemlemek i¢in optimum egim agisinin (B) degistirilmesi
gerektigi bulunmustur. Istanbul sehrinde 0'dan biiyiik azimut acis1 igin
yillik maksimum giines radyasyonu, 10 azimut agisina ve 30 egim agisina
esit oldugunda 6033 Mj/m? oldugu belirlenmistir.

1. INTRODUCTION

Solar energy is one of the clean and renewable energies that humans can use and benefit from
it. It is one of the best energies that currently used in abundance due to the continuous decrease of
traditional energies and their negative effect on the environment [1]. The sun is the main source of the
Earth's heat, and the rays emanating from it are called solar radiation. The optimum tilt or slope () and
surface azimuth or orientation (1) angles are the important factor that used in the calculations and
determined the optimum solar radiations and they depend on the position of the sun, latitude and local
geographical characteristics [2]. Most of researcher studied the effect of tilt angle on the solar radiations
for pv panels that install in south facing, because of good results, but sometimes there are some
difficulties to install it in the south face, so we have to calculate the appropriate orientation angle (Y) to
get the best solar radiation. Turkey occupies a privileged position that allows it to benefit from the falling
solar radiation that is about 2,640 hours per year also the high average daily solar density that equal to
3.6 kWh/m? [3]. Klein et al. [4], developed an algorithm model to calculate any surface azimuth angle
in the southern and northern hemisphere to estimate the ratio of monthly average total radiation on an
inclined surface to that on a horizontal surface [4]. Shahnawaz et al. [5], determined the optimum slope

angle by using nine new models in the region of Sindh, Pakistan. They determined the optimum slope
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angles for monthly, seasonally, half-yearly and yearly. Finely they found from results that slope of tilt
angle various from 0° in May, June and July to 49° in December [5]. Yuexia et al. [6], developed
mathematical model to calculate the optimum tilt angle and orientation of the Pv panel installed in Lhasa
through summer season. They conclude that there is a deviation about 5 degree in the optimum
orientations [6]. Mamun et al. [7], investigated numerical method that used to select the optimum slope
angle for the photovoltaic panel installed in Bangladesh. The results showed that the optimum slope
angle of some cities like Dhaka, Jessore, and Ishurdi was 25°, 30°, 25° respectively [7]. Hailu et al. [8],
used the isotropic and anisotropic models to determine the optimum tilt and orientation angles for the
city of Toronto in Canada, they conclude from study that by using four isotropic models there was a
varying in optimum tilt angles from 37° to 44° and for other models (anisotropic) there was varying
range between 46° to 47° [8]. Abdullahi et al. [9], developed two computer programs to calculate the
optimum slope angle and its effect on the solar radiation monthly and seasonally for the city of Kano,
Nigeria [9]. Maref et al. [10], hailuused SPSS software and statistical verifications method to compare
the accuracy of real data with simulation data in Montreal in different seasons. The results showed that
the optimum tilt angles in summer season arrange from 27.5° to 35° [10]. Khan et al. [11], studied the
effect of different tilt angles on the performance on the photovoltaic panel for some articles deals with
this subject area [11]. Nfaoui et al. [12], used a program by MATLAP software to obtain the solar
radiation for any inclined angle. They installed the PV for the purpose of collecting data in the faculty
of science and technology of Settat in Morocco [12]. Abdallah et al. [13], compared the results obtained
by MATLAP software for calculate the optimum tilt angle in Palestine on a south facing with the
photovoltaic software developed by US national renewable energy laboratory. They conclude that there
is a good similar between the results [13]. Oh et al. [14], analyzed the calculation model for derived the
tolerance angle. Also they derived a simple formula for theoretical calculations. Finally they conclude
that for a tolerance angel of 1%, 5% and 10% the loss of irradiance were 9°, 21° and 30° respectively
[14]. Luting et al. [15], investigated an optimum tilt and azimuth angle in the high mountains and
complex terrain by using a clear sky model. The study region was in Batang county and Dege county in
Western Sichuan Plateau of China. Finally the results showed that the energy collection was 238.72
kWh/m2 and 398.33 kWh/m? per year [15]. Somil et al. [16], studied the development of BIPV system
to estimate the optimum azimuth and tilt angle for the high and shadow buildings [16]. Qusay et al. [17],
determined the optimum tilt angle for eighteen provinces in Irag. The results showed that the optimum
tilt angle was in range from 0° to 64° [17]. Ashutosh et al. [18], computed the optimum tilt angles for
different months for the city of Hamirpur, Himachal Pradesh in India by developing a three mathematical
model. They suggested that by using the model of third degree polynomial provide a good accuracy
[18]. Tong et al. [19], calculated the Keplerian orbit parameters of the sun to investigate a model for

calculating the optimum angle of solar collector. The results showed that the optimum tilts angle various
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from 30° on 1 January to 76.1° on July [19]. Rauf et al. [20], presented a new model for calculation the
best panel direction in the mountain region for the day [20]. Yadav et al. [21] determined by a numerical
method optimum slope and orientation angle of building integrated photovoltaic (BIPV) system. They
found from results that for D/H ratios 7.5/15, 9/15, 12/15, 15/15, 18/15, and 24/15 are 12, 7.5, 3.5, 1.5,1
and 0, respectively [21]. As shown from previous studies there is a few papers in Turkey devoted to
calculate the optimum slope and orientation angle for example is the one by Murat Kacira In Sanliurfa,
Turkey. The study determined the optimum tilt angle between minimum value of 13° in June and 61° in
December. In this study the total solar radiation on sloped surface was calculated for different slope and
azimuth angles. Also tow mathematic models were used to calculate the optimum tilt angle one of them
called liu-Jordan with azimuth angle equal to 0°, and the other called Klein-Theilacker with any value
of azimuth angle, and then the comparison between two models was done for calculating the annual
solar radiation by using azimuth angle equal to 0° for both models. And an indication of the possibility

of using the second model to calculate tilt angle for azimuth angle equal to 0°.
2. MATHEMATICAL MODELS

There are several models that deal with average radiation on the sloped photovoltaic panel, so
we shall discuss two of them as shown below.

2.1 Liu and Jordan Model

This is the first model which has been used widely to calculate solar radiation on sloped surface
by assuming isotropic sky technique and the orientation Y angle is equal to 0° in the northern hemisphere,
and equal to 180° in the southern hemisphere. The following equations have been used to calculate the
optimum title angle and total radiation as shown in Figures (1-5) for a south facing at constant orientation
angle [22].

Hr = Hp * Ry, +%(1+cosﬁ)+%*pg*(1—cosﬁ) (1)

= (1220 4B (228) (29 @

To estimate the diffuse radiation fraction for monthly-average daily radiation (Hgy) Erbs model
was used [23]. And monthly global solar radiation on horizontal surfaces (H) was determined from the

prediction of worldwide energy resources (power) by NASA [24].

=4 = 1.391 — 3.560Ky + 4.189K% — 2.137K} 3

For wg <81.4and 0.3 < Kt <0.8
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S = 1311 — 3.022Ky + 3.427K} — 1.821K} ®

For wg > 81.4and 0.3 < Ky < 0.8
Since:
wy Is sunset hour angle
coswg = —tan@Ptand (5)
K7 Is the ratio of monthly average global solar radiation on horizontal surface H to monthly

average extraterrestrial solar radiation H, on that, and it is called clearness index.

H
Kr = (6)
The dependence of extraterrestrial radiation on time of year is given by the equation
Gon = G (1 +0.033 cos (362%)) )

In the above equation, Gg. = 1367 (%) and nday is the day of the year starts from 1st January.
If the solar constant G, is in watts per square meter, Ho daily joules per square meter per day is
given by equation

_ 24%3600Gop
- TT

H, * (cos @ cos 8 sinwg + 1;;); sin @ sin 6) (8)
For " = Q° the ratio of beam average daily radiation on slope surface to that on horizontal
surface ( Ry) is given by

Rb _ cos(@ — B) cos & sin 55 + (11/180) g sin(¢ — B) sin & (9)

cos @ cos & sin wg + (1/180)ws sin @ sind,

Where, o equal to:

cos~!(—tan@tans

cos~1(—tan(@ — B) tand) (10)

W = min[

Also for Y'=180° ( R,) is equal to

Rb _ cos(p+ B) cos 6 sin &bg + (/180) s sin(p+ L) sin é (11)

cos @ cos & sin wg+ (1m/180) wg sin ¢ sind,

Where, ¢ equal to:

cos™1(—tan@tans

cos~!(—tan(® + B) tané) (12)

Ws = min[

2.2 Klein and Theilacker Model

Klein and Theilacker investigated an algorithm model to calculate the ratio of total radiation on
slope surface to that on horizontal surface ( R) for any surface orientation angle y and all latitudes [2-4].

The equation for (R) is given by following equations:
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R=D+ @(1+cosﬁ) + g (l—cosﬁ)

H 2 2
Where

G 1 (bA _B) ( T

(w1, w;) = ﬁ{ — —aB)(w wz)@

+(aA — bB)(sinw, — sinw,) — aC(cos w; — cos w,)
bA

+ (7) (sin wq cos w, — sin w, cos w,)

bC\ . 2 .o }
+(2)(sm W, — Sin“w,)

_ H
a=a—--+4
H

a = 0.409 + 0.5016 sin(ws — B)
b = 0.6609 — 0.4767 sin(wg — B)

. T*Wg
d = sin ws — | ——coSs wg
180

. _1 AB+CVAZ—BZ+(?
|ws,| = min |ws, cos —

{—lwsrl if (A>0and B >0)or (A=B)

Wey = :
ST +|wgr| otherwise

o _1 AB—CVAZ—BZ+(?
|wss| = min |ws, cos — e

{—lwssl if A>0and B > 0)or (A= B)

Wss = .
$s +|wss| otherwise

Where
A=cosfB+tan@cosysinf

B =coswgcosf +tandsin B cosy

sin B sin
c = SinBsiny

cos @

3. RESULTS AND DISCUSSIONS
3.1 Solar Radiation of Optimum Tilt Angle on an Inclined Surface

_ {max (0, G(wss, wsr)) if wss = wgr
max (0, [G(wss, —ws) + G (ws, ws)]) if wgr > W

(13)

(14)

(15)

(16)

(17)
(18)

(19)

(20)
(21)
(22)

(23)

(24)
(25)
(26)

As mentioned, before the monthly mean daily values of global solar radiation of Istanbul city

was used from the data provide by the prediction of worldwide energy resources (power) by NASA, to

calculate the optimum tilt angle and total solar radiation falling on sloped surface towards the south-
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facing for each month of the year by using Liu and Jordan model. The total solar radiation as shown in
Fig. 2 on sloped solar collector was computed for a different tilt angle from 0° to 90° in step by 1°, also
the maximum solar radiation for optimum tilt angle was concluded by using a Microsoft Excel
spreadsheet. The optimum tilt angle increase in the winter season and it starts decreasing in the spring
until it reaches zero in June and then starts to rise in the fall as shown in Figures 4a and 5b, and Fig.5
also the declination angle takes negative value in the winter and fall season, vice versa it takes the
positive value in the summer and spring season as shown in Fig. 3. For the winter and fall season Sopt
> @ vice versa fopt < @ for summer and spring season. Table 1.and Fig. 1 show the average global
daily radiation. Also it shows diffuse, beam, extraterrestrial, total monthly average daily solar radiation,

average clear index and optimum tilt angles of the year.

It was found that the highest value was 24.7623 Mj/m? day in Jun at Bopt = 4° and the lowest
value was 7.8421 Mj/m? day in December at Bopt = 63° as shown in Figures 4b and 5b. The total monthly
radiation for all months in the year versus tilt angles that various from 0o to 90° was represented in Fig.
2. Also the optimum tilt angle can be generated depending on declination angle by developed the

correlation equations as given below.

Bopt. = 38.701 — 1.3904 § R?=0.9572 (27)
Bopt. = 45.385 — 1.3872 § — 0.0251 62 R?=(.9994 (28)
Bopt. = 45.388 — 1.3359 § — 0.025 6% — 0.0001 6 R?=0.9996 (29)

Equations 27, 28, and 29 represent linear, quadratic and third order polynomials respectively
have been estimated to obtain the value of optimum tilt angle Bopt. based on declination angle as shown
in Fig. 6 the calculations obtained from above equations are given in Table 2. Also Fig. 7 shows the
comparison between the calculated values of Popt. with the other values computed from correlation

equations and results showed a good approximate with Eq. 29.

Table 1. Declination angle, global, diffuse, beam, extraterrestrial, total monthly average daily
solar radiation on tilt surface Mj/m2day, average clear index and optimum tilt angles

declination

Month angle H Hy H, H, Hy Ko Bopt
Jan. -20.9170 5472 29135 6.6854 145938 9.2337  0.3750 64
Feb. -12.9546 8.172 3.9926 8.0854  19.9431 11.8969  0.4098 58
Mar. -2.4177 12.204 58184 89773 26.9433 150015 0.4530 49
Apr. 9.4149 1656 7.4020 10.0597 34.3219 17.7978  0.4825 31
May. 18.7919 20.844 8.4454 12.4794 395959 21.0047  0.5264 11
Jun. 23.0859 23.868 8.7034 151646 41.7770 23.8680  0.5713 0

Jul. 21.1837 24732 82228 165233 40.6747 24.7623  0.6080 4

Aug. 13.4550 21.312 75066 14.4128 36.4046 22.2541  0.5854 22
Sep. 2.2169 16.344 6.2636 12.6227 29.6901 19.4421  0.5505 42
Oct. -9.5994 9.9 47675 8.8420 22.0821 13.6527  0.4483 56
Nov. -18.9120 6.228 3.1820 7.3066 159029 10.2150  0.3916 63
Dec. -23.0496 4572 26091 56018 13.1727 7.8421  0.3471 64
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Figure 1. Global, diffuse, beam, extraterrestrial, total monthly Average daily solar radiation on
tilting surface Mj/m?, clear index and optimum tilts angles

Table 2. Optimum tilt angle for the developed mathematical models

Months Jan. Feb. Mar. Apr. May Jun July Aug. Sep. Oct. Nov. Dec.

[écgtz 67.78 56.71 42.06 2561 1257 6.60 9.25 19.99 35.62 5205 65.00 70.75
[écgtzs 63.27 59.05 4857 30.17 1059 0.15 4.89 2227 4220 56.32 6251 63.86
é(:]ptzg 63.31 58.72 48.47 3051 10.79 0.01 492 2264 4230 56.00 62.39 64.12
T 28 ~ 28
s E
i._ 23 —— = 23 =g
5 18 T 18
£ S
5 13 : R == |
z g =1 - > 8 = |
§, Y ==anniil
TEu 0 5101520253035404550556065707580859095 Ti 0 5101520253035404550556065707580859095
S Tilt Angle B s Tilt Angle B
Jul. Aug. Sep.
Jan. Feb.  e===March Oct. Nov. Dec.

Figure 2. Total monthly average daily solar radiation for inclined surface at different tilt angle
for all months of the year
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Figure 4. Max. solar radiation (a) and optimum tilt angle (b) for all months of the year
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Figure 5. Bar chart of max. solar radiation (a) and optimum tilt angle (b) for all months of the year
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3.2 Solar Radiation at Optimum Tilt Angle for Different Orientation

In this section the maximum total solar radiation occur at optimum tilt angle for different
orientation angle various from 0° to 90° by step of 10°was calculated as shown in Table 3. Because there

are a lot of data for calculating maximum total solar radiation for all months in the year, so the details
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was done only for three months as an example, and other months showed only the Max. Hr and Sopt.
Figures 8 and 9 shows the total monthly solar radiation at optimum tilt angle for different azimuth angles
by using Klein - Theilacker Method. The total solar radiation that calculated by KT method for the
months from Jan to Mar. and from Sep. to Dec. has approximately convergent values for Sope. from 0° to
30° at different azimuth angles like, 0°, 10°, 20°, and 30°. On the other hand it has approximately the
same values for other months. So, it’s not necessary to change azimuth angle, that’s mean will be
constant at any value from 40° to 80° for months from Apr. to Aug. by adjusting fopt. between 10° to 20°
as shown in Table 3. Also it shows from calculations that the max. solar radiation occurs when azimuth
angle equal to zero that’s mean the pv panel installing towards south - face direction. But as mentioned
before the calculations deals with panels that installing with different orientation angles. Fig. 10 and 11
show the variation of total solar radiation and tilt angles along all the months of year. It can be observed
that the tilt angle decreases down to 10° at azimuth angle from 10° to 50°, for the months of May, Jun

and July. And the max. Solar radiation occurs at tilt angle about 50° for the month of July.

Also for azimuth angle equal to 60°, 70° and 80° the tilt angle equal 10° for the months of (May,
Jun, July, Aug.), (Apr., May, Jun, July, Aug.) and (Apr., May, Jun, July, Aug., Sep.) respectively. And
the maximum solar radiation occurs at tilt angle. equal about 38°, 30°, 22° for azimuth angle equal to
60°, 70° and 80° respectively. Finally for the azimuth angle equal to 90° the tilt angle will be 0° for all
months except Jun that is equal to 10°, and the solar radiation will be maximum in the month of July
with tilt angle equal to 0°. The total annual solar radiation, for all months in the year that received by
different azimuth and tilt angles were showed in the Table 4 and Fig.12. It is noticed that the annual
solar radiation occur at azimuth angle equal 0° that means the pv panels installed in the south face, but
as mentioned before the aim of this study deals with different orientation not equal to zero, so the heights
annual solar radiation occur at azimuth and tilt angle equal to 10° and 30° respectively. Also it can be
noticed from Table 5 that if we used LK method to calculate the total solar radiation by made azimuth
angle equal to 0° and changing the tilt angle, the results will be close to the values that obtained from LJ
method. Three different correlations linear, quadratic and third order polynomial models based on
azimuth angle were developed to calculate optimum tilt angle as shown in Fig.14. The calculations

obtained from below equations are given in Table 6.

Bopt. = 33.836 — 0.2564 y R?=10.7326 (30)
Bopt. = 27.018 + 0.255y — 0.0057 y? R?=10.9629 (31)
Bopt. = 28.262 + 0.0275y + 0.001 y% —0.00005 y3 R?=0.9731 (32)

The results from above equations show that, by using Eq. 30 the calculated values of annual Sopt.

did not give accurate values especially for azimuth angle from 30° to 90°. On the other hand by using
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Egs. 31 and 32 the results have a good agreement with annual Sop. especially for Eq. 32. The

comparisons of above equations are presented in the Fig. 15.

Table 3. Optimum tilt angle at different orientation for all months

6 r=10 Y=20 Y=30 Y=40 Y'=50 Y'=60 Y=170 Y'=280 =90
Month Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt
5.820 0 5.820 0 5.820 0 5.820 0 5.820 0 5.820 0 5.820 0 5.820 0 5.820 0 5.820 0
6.899 10 6.881 10 6.828 10 6.742 10 6.626 10 6.487 10 6.328 10 6.154 10 5.968 10 5.776 10
7.765 20 7.731 20 7.629 20 7.463 20 7.245 20 6.985 20 6.692 20 6.373 20 6.036 20 5.688 20
8.382 30 8.334 30 8.189 30 7.954 30 7.647 30 7.287 30 6.884 30 6.451 30 5.997 30 5.535 30
8.730 40 8.669 40 8.49 40 8.198 40 7.821 40 7.381 40 6.894 40 6.376 40 5.841 40 5.302 40
Jan. 8.805 50 8.736 50 8.531 50 8.197 50 7.766 50 7.268 50 6.722 50 6.149 50 5.565 50 4.987 50
8.621 60 8.547 60 8.326 60 7.965 60 7.499 60 6.963 60 6.384 60 5.783 60 5.181 60 4.596 60
8.206 70 8.129 70 7.901 70 7.528 70 7.045 70 6.492 70 5.903 70 5.301 70 4.709 70 4.147 70
7.579 80 7.158 80 7.293 80 6.923 80 6.438 80 5.889 80 5.311 80 4.733 80 4.176 80 3.660 80
6.838 90 6.765 90 6.547 90 6.19 90 5.719 90 5.190 90 4.645 90 4.113 90 3.614 90 3.163 90
Max. 8.805 50 8.736 50 8.531 50 8.198 40 7.821 40 7.381 40 6.894 40 6.451 30 6.036 20 5.820 0
rY=0 Y=10 r=20 Y=30 Y'=40 =50 =60 Y=170 =80 Y'=90
Month Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt
8.675 0 8.675 0 8.675 0 8.675 0 8.675 0 8.675 0 8.675 0 8.675 0 8.675 0 8.675 0
9.847 10 9.828 10 9.769 10 9.676 10 9.552 10 9.401 10 9.226 10 9.033 10 8.825 10 8.609 10
10.739 20 10.700 20 10.587 20 10.411 20 10.181 20 9.903 20 9.584 20 9.231 20 8.853 20 8.458 20
11.309 30 11.255 30 11.094 30 10.847 30 10.528 30 10.148 30 9.714 30 9.238 30 8.730 30 8.200 30
11.541 40 11.473 40 11.273 40 10.968 40 10.580 40 10.120 40 9.602 40 9.038 40 8.440 40 7.821 40
Feb. 11.436 50 11.358 50 11.128 50 10.780 50 10.340 50 9.825 50 9.250 50 8.631 50 7.983 50 7.319 50
11.017 60 10.932 60 10.683 60 10.305 60 9.831 60 9.283 60 8.679 60 8.037 60 7.374 60 6.705 60
10.321 70 10.233 70 9.975 70 9.581 70 9.090 70 8.530 70 7.923 70 7.289 70 6.644 70 6.005 70
9.400 80 9.313 80 9.056 80 8.658 80 8.166 80 7.615 80 7.031 80 6.432 80 5.835 80 5.255 80
8.314 920 8.230 90 7.982 90 7.591 90 7.114 90 6.594 90 6.056 90 5518 920 4.992 90 4.494 90
Max. 11.541 40 11.473 40 11.273 40 10.968 40 10.580 40 10.148 30 9.714 30 9.238 30 8.853 20 8.675 0
r=0 "= 10 r=20 =30 Y'=40 =50 =60 =70 =280 =90
Month Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt
12.897 0 12.897 0 12.897 0 12.897 0 12.897 0 12.897 0 12.98 0 12.89 0 12.89 0 12.89 0
13.935 10 13.918 10 13.868 10 13.787 10 13.678 10 13.542 10 13.38 10 13.20 10 13.01 10 12.80 10
14.608 20 14.575 20 14.485 20 14.341 20 14.144 20 13.900 20 13.61 20 13.28 20 12.93 20 12.55 20
14.886 30 14.841 30 14.718 30 14.524 30 14.261 30 13.935 30 13.55 30 13.11 30 12.63 30 12.12 30
14.764 40 14.708 40 14.560 40 14.327 40 14.016 40 13.632 40 13.18 40 12.67 40 12.11 40 11.50 40
March 14.261 50 14.197 50 14.028 50 13.767 50 13.421 50 12.999 50 12.50 50 11.95 50 11.35 50 10.70 50
13.417 60 13.346 60 13.160 60 12.878 60 12,511 60 12.070 60 11.56 60 11.00 60 10.38 60 9.73 60
12.287 70 12.211 70 12.012 70 11.715 70 11.339 70 10.897 70 10.39 70 9.85 70 9.26 70 8.64 70
10.942 80 10.862 80 10.651 80 10.347 80 9.975 80 9.549 80 9.08 80 8.75 80 8.03 80 7.48 80
9.453 90 9.370 90 9.151 90 8.849 90 8.497 920 8.108 90 7.68 90 7.24 920 6.78 90 6.32 90
Max. 14.886 30 14.841 30 14.718 30 14.524 30 14.261 30 13.935 30 13.61 20 13.28 20 13.01 10 12.89 0
rY=0 Y=10 Y=20 Y=30 Y'=40 Y'=50 =60 r=170 =180 Y=90
Apr. Hr Pont Hr Popt Hr Pont Hr Pont Hr Pont Hr Pont Hr Popt Hr Popt Hr Popt Hr Popt
Max. 18.28 20 18.269 20 18.231 20 18.155 20 18.041 20 17.887 20 17.69 20 17.55 10 17.41 10 17.34 0
May Hr Pont Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt
Max. 21.890 10 21.887 10 21.879 10 21.865 10 21.840 10 21.803 10 21.754 10 21.694 10 21.623 10 21.571 0
Jun Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Pont Hr Pont
Max. 24.600 10 24.601 10 24.606 10 24.612 10 24.616 10 24.613 10 24.602 10 24.582 10 24.555 10 24.521 10
July Hr Pont Hr Pont Hr Pont Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt
Max. 25.718 10 25.717 10 25.716 10 25.714 10 25.703 10 25.682 10 25.649 10 25.604 10 25.548 10 25.485 0
Aug. Hr Popt Hr Pont Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt
Max. 23.078 20 23.071 20 23.049 20 22.994 20 22.895 20 22.752 20 22.594 10 22.463 10 22.315 10 22.224 0
Sep. Hr Pont Hr Pont Hr Pont Hr Pont Hr Pont Hr Pont Hr Popt Hr Popt Hr Popt Hr Pont
Max. 19.481 10 19.446 30 19.325 30 19.117 30 18.825 30 18.451 30 18.103 20 17.710 20 17.374 10 17.222 0
Oct. Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt Hr Popt
Max. 13.298 40 13.226 40 13.021 40 12.716 40 12.350 30 11.958 30 11.507 30 11.048 20 10.648 20 10.497 0
Nov. Hr Pont Hr Pont Hr Pont Hr Pont Hr Pont Hr Pont Hr Popt Hr Pont Hr Post Hr Port
Max. 9.766 50 9.691 50 9.469 50 9.138 50 8.737 40 8.269 40 7.755 30 7.289 30 6.849 20 6.623 0
Dec. Hr Pont Hr Pont Hr Pont Hr Pont Hr Pont Hr Pont Hr Popt Hr Pont Hr Post Hr Port
Max. 7.474 50 7.415 50 7.240 50 6.955 50 6.613 40 6.228 40 5.804 40 5.414 30 5.054 20 4.866 0
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Figure 8. Total monthly solar radiation for inclined surface at different tilt
and azimuth angles for months from Jan. to Jun.
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Figure 9. Total monthly solar radiation for inclined surface at different tilt
and azimuth angles for months from Jul. to Dec.
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Figure 10. Max. solar radiation for inclined surface at optimum tilt
angles for azimuth angle from 0° to 50°
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Figure 11. Max. solar radiation for inclined surface at optimum tilt
angles for azimuth angle from 60° to 90°

Table 4. Yearly optimum tilt angles, annual solar radiation (Mj/m?) for different orientations

Annual azimuth
angle y degree

Annual Bopt degree

Annual Total radiation
for different orientation Mj/m?

0
10
20
30
40
50
60
70
80
90

27
30
30
29
26
25
22
19
14
1

6047
6033
5994
5934
5848
5752
5648
5546
5453
5406
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Figure 12. annual average total radiation at different orientation (a)
with annual optimum tilts angle (b)
Table 5. HT by Liu - Jordan and Klein -Theilacker method
for each month with optimum tilt angle and (Y'=0)
declination  Day of HT by Liu HT by Klein and
Month t .
angle the year and Jordan Pop Theilacker
Jan. -20.917 17 9.2337 64 8.48
Feb. -12.9546 47 11.8969 58 11.12
Mar. -2.4177 75 15.0015 49 14.33
Apr. 9.4149 105 17.7978 31 18.02
May. 18.7919 135 21.0047 11 21.89
Jun. 23.0859 162 23.868 0 24.50
Jul. 21.1837 198 24.7623 4 25.65
Aug. 13.455 228 22.2541 22 23.03
Sep. 2.2169 258 19.4421 42 19.08
Oct. -9.5994 288 13.6527 56 12.77
Nov. -18.912 318 10.215 63 9.42
Dec. -23.0496 344 7.8421 64 7.21
30 30 EHTbyL) EHTbyKT
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Figure 13. HT for each month with optimum tilt angle and (Y=0)
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Table 6. Annual optimum tilt angle for different azimuth of the developed mathematical models

44

Annual azimuth ~ Annual Bopt  Bopt.Eq Bopt.Eq Bopt.Eq
angle y degree degree 30 31 32
0 27 33.836 27.018 28.262
10 30 36.4 28.998 28.587
20 30 38.964 29.838 28.812
30 29 41.528 29.538 28.637
40 26 44.092 28.098 27.762
50 25 46.656 25.518 25.887
60 22 49.22 21.798 22.712
70 19 51.784 16.938 17.937
80 14 54.348 10.938 11.262
90 1 56.912 3.798 2.387
40 B=-0.2564Y+33.836 35 1 B=-0.0057 Y2 +0.255 Y+ 27.018
35 R?*=0.7326 30 R? =0.9629
30 * 25
T ® e
£ 2 ¢ I
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o s Sl 5
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Figure 14. General correlations (a) linear, (b) quadratic and (c) third order polynomial
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Figure 15. Annual optimum tilt angle for different azimuth of the developed mathematical models

4. CONCLUSION

In this study, an estimation of monthly, annual tilt angle of different orientation for Istanbul

were performed to calculate the maximum solar radiation and the following conclusions are drawn:

1. The optimum tilt angle for city of Istanbul, Turkey by using Liu-Jordan model increase in the
winter season to obtain the appropriate solar radiation, and it starts decreasing in the spring until
it reaches zero in June with max. Solar radiation equal to 23.8680 Mj/m? and then starts to rise
in the fall.

2. For the winter and fall season fSop. > @ vice versa fop. < @ for summer and spring season, where
@ is the latitude of Istanbul which equal to 41.016.

3. By using Liu-Jordan model the highest value was 24.7623 Mj/m? day in Jun at Sop. = 4° and the
lowest value was 7.8421 Mj/m? day in December at Bopt. = 63°

4. The comparison between the calculated values of Sou. and the other values computed from
correlation equations showed a good approximate with third order polynomial (Eq. 29).

5. The above conclusions depend on installing the pv panels only towards the south face direction.

6. Ifit’s not possible to installing the pv panel towards the south face (1" # 0) because of shading
of high building or another reasons the following points will be considered.

7. For azimuth angles change from 10° to 30° the optimum tilt angle will be about 30° to achieve
maximum solar radiation for months from Sep. to Dec.

8. For months from April (fall season) to Aug.(summer season) it’s not necessary to change
azimuth angle, and it can be constant at any value from 40° to 80° by adjusting Sopt.10° to 20°.

9. If the azimuth angle of the panel equal to 90° the tilt angle will be 0° for all months except Jun
which is equal to 10° and the solar radiation will be maximum in the month of July with filt
angle equal to 0°.

10.The results obtained from linear correlation equation for KT model showed that, the values of

annual Sopt. did not give accurate values especially for azimuth angle from 30° to 90°.
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11.By using quadratic and third order polynomial models the results have a good agreement with

annual Sop. especially for third order polynomial equation.
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